Gene flow occurs in two ways for hermaphrodite plants; seed flow and pollen flow. Dispersal of biparentally inherited (nuclear) and paternally inherited (conifer chloroplast) genes can be mediated by both seed and pollen, whereas for maternally inherited (angiosperm chioroplast and most mitochondrial) genes only seed flow contributes to dispersal. This produces asymmetrical migration for biparentally, paternally and maternally inherited genes and may lead to different levels of population differentiation among them. This paper explores the effects of contrasting patterns of gene flow for different plant genes on their population structure under isolation by distance, on Nei's genetic distance measure, on divergence in nucleotide sequence between populations and on gene phylogenies. The possibilities are discussed of using data on population structure, genetic distance, sequence divergence and gene phylogenies as a basis for estimating the ratio of pollen to seed flow among subpopulations. One important general result from the isolation-by-distance model is that population differentiation for maternally inherited genes is greater than that for paternally inherited genes, which, in turn, is greater than that for biparentally inherited genes as long as the dispersal of seeds and pollen grains takes place. This is consistent with results obtained previously for the island and stepping-stone models in which populations are discretely distributed.
Introduction
A variety of models can be used indirectly to estimate gene flow among populations of a species using data on genetic structure for selectively neutral markers (Barton & Slatkin, 1986; Slatkin, 1989; Slatkin & Barton, 1989; Hudson et al., 1992) . When applied in plant species, especially hermaphrodite plants, gene flow should distinguish both pollen and seed flow. Seed flow and pollen flow may lead to asymmetrical migration for the biparentally inherited (nuclear), and maternally inherited (chloroplast and mitochondrial) genes, which occur in angiosperm species, and the paternally inherited (chioroplast) genes, which occur in conifer species (Neale & Sederoff, 1989; Neale et al., 1986 Neale et al., , 1991 . This produces different levels of population differentiation for the three variously inherited genomes. If the behaviour of genes with different modes of inheritance can be modelled, analysis of differences in genetic differentiation for these genes may allow estimation of the relative rates of pollen flow and seed flow (Ennos, 1994) .
Theory for differentiation of biparentally, paternally and maternally inherited markers has already been developed for the island and stepping-stone models of population structure (Petit et a!., 1993; Ennos, 1994; Hu unpubi. data) . In this paper we are again concerned with the population genetic consequences of having plant genomes with three different modes of inheritance, and focus on methods for using a variety of population genetic statistics for estimating the ratio of pollen to seed flow. The first employs data on F1, measured in populations having a continuous distribution in space according to Wright's isolation-by-distance model (Wright, 1943 (Wright, , 1946 . We then consider a simple model which describes the development of genetic distance between populations (Nei & Feldman, 1972) , and relate Nei's distance to levels of seed and pollen flow.
Finally, we briefly address the possible estimation of the ratio of pollen to seed flow from data on differences in DNA sequence between populations and from gene phylogenies.
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Wright's isolation-by-distance model In the isolation-by-distance model (Wright, 1943 (Wright, , 1946 , an important parameter is the neighbourhood size which is defined as an area from which the parents of central individuals may be treated as if drawn at random. The calculation of neighbourhood area is relatively complicated when both pollen and seed dispersal are considered. Crawford (1984a,b) presented a modified formula for calculating neighbourhood size for a plant population which will be used here. For both pollen and seed the distribution of dispersal distances between parents and offspring is assumed to be normal with mean zero. We assume that the nuclear biparentally inherited genes are diploid, and the paternally and maternally inherited genes are haploid, and only consider selectively neutral genes. We will use the same method of path analysis as Wright (1968) to analyse the population structures of the three differently inherited genes. Some of these results were, in fact, presented by Wright (1943 Wright ( , 1946 Wright ( , 1969 .
Biparentally inherited genes
Let a, and c-be the variance of the distances between male parents and offspring, and between female parents and offspring, respectively. Also let a be the variance of seed dispersal, and be the variance of the dispersal of pollen grains before seed formation. The number of individuals in the neighbourhood is N(I) = 4t(o-+)d in area continuity according to Crawford (1984a,b) and 2/(o-+a)7r din linear continuity, where d is the population density of breeding individuals. Let N be the number of individuals in a neighbourhood after pollen dispersal and before seed formation which is equal to 2rad (area). The number of individuals after seed formation and dispersal in the neighbourhood is N1 = 4na d (area). Similarly, the number of individuals after pollen flow and before seeds are formed at ancestors of generation X is XN (area) or N (linear), and for the individuals after seed dispersal is XN1 (area) or \L? N1 (linear). The total numbers of individuals in the neighbourhood for both parents at ancestral generation X are 4it(c+i) Xd (area) or 2/(a+o)irXd (linear).
Drift case Let F1 be the correlation between ovules and pollen grains that contribute to zygotes after pollen and seed dispersal. According to the same considerations as Wright (1943 Wright ( , 1946 , the F1, in area continuity approximates to:
Therefore, the recurrence equations at ancestor of generation X in area continuity is: =b2+(1_)F(X+l)S. 
XN(h)
For linear continuity the recurrence equations can be obtained by substituting the X in eqn (3) by We suppose that all populations are initially present as adults and produce pollen grains for dispersal, and the boundary condition is Fu = 0 after a large number of generations (k) back.
Balance case Where there is a balance between drift and long-range dispersal of seeds and pollen grains, i.e. drift/migration equilibrium, let be the proportion of male parents (pollen grains) replaced by pollen migration when random mating with ovules, and msc,. be the proportion of both parents replaced by seed migration. If both long-range dispersal and reversible mutation are considered, then or msc,, are just substituted by m,, +u or +u. Considering random sampling of size N(,,), the proportion of male parents which makes a contribution to F1, is 1 -mp -ms,, whereas the proportion of female parents which contributes to F1, is 1 -m,. Therefore, after seeds and pollen grains disperse,
At steady state,
In the cases where only the pollen grains or seeds disperse, F1, can be obtained by letting N1-+cr, m,, =0 and N-*c/D, mp,. = 0, respectively.
Paternally inherited genes
The number of individuals in the neighbourhood is NQ,) = 2ir ( F1=t1, In the case where only the pollen grains or seeds disperse, F1, can be found by letting Nf-*cx,m, = 0 and N-, ,n,, = 0, respectively.
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Maternally inherited genes
Because both paternally and maternally inherited genes are considered to be haploid or uniparental, the number of individuals in the neighbourhood is N(m) = 2mod (area). Wright (1943) Comparison of population differentiation
In order to compare population differentiation among three genomes, we use the same notation as Wright (1943, p. 124) . Consider a total population of size N, subdivided into H groups of intermediate size N and these are subdivided into K random groups of size N1. Next we will compare the levels of population differentiation relative to N, among the three genomes in the drift/migration balance case.
Biparental vs. paternal genes It can be seen that the neighbourhood size of biparentally inherited genes is greater than that of paternally inherited genes, i.e. N(h) >N(), and also 4 (i 1, 2, ..., K) in the case of paternal genes is greater than that in the case of biparental genes according to eqns (6) and (8). Therefore after going back to the ancestral generation K, t of paternal genes is greater than that of biparental genes. It can be shown that the correlation of paternally inherited genes, Fl(), is greater than Fl(h) for biparentally inherited genes, i.e. Flc(p) > FS(h).
Similarly, after going back to ancestral generation KH, it can be shown that the correlation of paternal genes, FI,() is greater than F,(h) of biparentally inherited genes. We can also prove that
Paternal vs. maternal genes As above, we can prove the relationship
In summary, the population differentiation of maternal genes is greater than that of paternal genes, which, in turn, is greater than that of biparental genes as long as the dispersal of seeds and pollen grains takes place.
Ratio of pollen to seed flow
In this section we consider how to estimate the ratio of pollen to seed flow from long-range dispersal.
According to the Taylor expansion, t, in eqn (6) can be written using a simple formula,
Similarly, expressions can also be obtained for eqns (8) and (10).
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for biparentally, paternally and maternally inherited genes, respectively. Then the ratio of pollen to seed flow from long-range distance can be approximated by
In this section we will incorporate seed flow and pollen flow into Nei's genetic distance measure (Nei, 1972) for three differently inherited genomes based on the assumptions of mutation/migration/drift equilibrium, as addressed by Nei & Feldman (1972) and Chakraborty & Nei (1974) . Here we will use Nei and Feldman's model because of its simplicity and practicality.
Suppose that a population splits into two incompletely isolated populations and thereafter gene migration occurs in every generation between the two populations with a constant rate of both pollen and seed flow. Let N1 and N2 be the sizes of populations 1 and 2, respectively, and assume that effective size is the same as the actual size. Let m1 and m1 be the rates of seed and pollen migration in population 1, respectively, and m2 and mp2 be the rates of seed and pollen flow in population 2. Using the same notation as Chakraborty & Nei (1974) , let J and J be the probabilities of identity of two randomly chosen genes from populations 1 and 2, respectively, at generation t. Let J9 be the probability of identity of two randomly chosen genes, one from each of the two populations. Each new mutation is different from the alleles pre-existing in any of the two populations. Only selectively neutral alleles are considered. Therefore, the only way in which two genes can be the same 'allele' is if they are identical by descent.
B/parentally inherited genes
Male parents for the biparental genes come from two sources: one comes from migration with frequency m1 +m1, denoted by B; the other is from within populations with frequency 1 -m1 -mpi, denoted by A. Similarly, female parents come from two sources: from migration, denoted by D, and 1 -rn,1 from the population itself, denoted by C. The probabilities of two randomly chosen genes from population 1 coming from A and A, B and B, A and B, etc. are (1 -rn,,1 -m1)2, (rn,,1 +m1)2, (1 -rn,,1 -m1)(m,,1 +m1), etc., respectively. Following Malécot (1969), we can derive the recurrence equation forJ, which is:
where Uhis the mutation rate for biparental genes. Substituting for A, B, C and D in eqn (14a'), we can obtain eqn (14a):
Similarly, we can derive the recurrence equations for J1 and J.
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Using matrix notations, formulae (14a), (14b) and (14c) may be written as j(t+I) = (1uh)2T+(1ub)21J(t) (15) where j(/Y = (Jt, j2), J),
Under steady state, the vector of equilibrium identity probabilities is given by letting = j in eqn (15), i.e. J = (1-uI))2{I-(1--uh)2M}T.
As Chakraborty & Nei (1974) have already discussed this equation in detail, we can use their results in later sections.
Paternally inherited genes SEED AND POLLEN FLOW 547
Here again suppose that the paternal gene is haploid. Its migration can also be mediated by both pollen flow and seed flow. Following similar considerations to those for biparental genes, the vector of equilibrium identity probabilities is
where u, is the mutation rate of paternal genes, and
Maternally inherited genes Consider that the maternally inherited genes are haploid. Only seed flow contributes to their migration. Under this case, the vector of equilibrium identity probabilities is
where Urn is the mutation rate of maternal genes, and
T=
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(1 -rn1)2 (i_I)
Here consider a special case where u <<m, m, m2 < 1, which was addressed by Chakraborty & Nei (1974 Number of nucleotide differences
The variation in DNA sequence within and between populations contains much information on population evolution. Every sequence may be unique, and all the information is contained in the genealogical relationship between sequences (Barton & Wilson, 1995 ). Differences at the DNA level can be measured by the number of segregating sites among DNA sequences sampled (Watterson, 1975) or by the average number of (pairwise) nucleotide differences between sampled DNA (Tajima, 1983) . For simplicity, only the average number of (pairwise) nucleotide differences between DNA is considered. If only two DNA sequences are sampled from a population, the expectation of the average number of nucleotide differences is equal to the expected number of segregating sites (Tajima, 1989a) . Under a balance of migration/mutation/drift, the average number of pairwise nucleotide differences sampled within a population is independent of migration, but is related to migrations for pairwise DNA sampled between populations (Strobeck, 1987) . This provides the foundation for estimating the ratio of pollen to seed flow.
From above the migration rate for biparental genes can be obtained directly, i.e. m, + mp, whereas the migration rates for paternal and maternal genes are m+m and m5, respectively. We use similar notation to Strobeck (1987) . In the island model with a finite number of subpopulations, n, let (n-l)uh where ,(i = 1, 2,...) stands for the expected number of nucleotide differences between two randomly chosen DNA sequences from two subpopulations which are i steps apart, and from the same subpopulation. Under the balance of mutation/migration/drift, the ratio of pollen to seed flow can be obtained according to Strobeck (1987) , which has the same formula as (21) except for different values of A, B and C.
Phylogenies
Another method that also uses DNA sequence information for estimating the ratio of pollen to seed flow is based on the phylogenies of genes. Slatkin and coworkers (Slatkin & Barton, 1989; Slatkin & Maddison, 1990) and Hudson et at. (1992) introduced a method for analysing phylogenies of genes sampled from a geographically structured population. Using simulation, they showed that the minimum number of migration events (s) is a simple function of Nm based on phylogenies of alleles and genes under a variety of population structure models. This method depends on knowing the phylogeny of the nonrecombining segments of DNA that are sampled, but does not require complete sequences, although it does assume that an accurate phylogeny can be inferred from the segments of DNA sampled (Slatkin & Barton, 1989) . Although the analytical expression, s =f(Nm) has not been obtained to date, this nevertheless provides an additional potential method for estimating the ratio of pollen to seed flow among plant populations.
Following similar considerations to those above, for the biparentally inherited genome (nuclear DNA), both seed and pollen contribute to the migration events. Thus the relationship between Sb, the minimum number of migration events between pairs of populations sampled, and number of migrants may be written:
Similarly, the minimum number of migration events between pairs of populations sampled should be related to both seed and pollen flow for paternally inherited genes, and to seed flow only for maternal genes.
Therefore, there may be the following relationships, 
where s, and 5m stand for the minimum number of migration events consistent with phylogeny for paternal and maternal genomes, respectively. By combining eqns (22), (23) and (24), it will be possible to estimate the ratio of pollen to seed flow once any two of these three relationships are available.
Discussion
One of the aims of this paper has been to develop theory for population structure of plant genes with different modes of inheritance under isolation-by-distance. In the island model and the stepping-stone models where populations are discretely distributed, differentiation for maternally inherited genes FST(m) is greater than for paternally inherited genes FsT(), which, in turn, is greater than for biparentally inherited genes FST(h) (Ennos, 1994; Hu, unpubl. data) . In this paper we show that this relationship still holds in populations with a continuous distribution and limited dispersal of seeds and pollen.
Another aim of this paper has been to develop theory for indirectly estimating the ratio of pollen to seed flow among plant populations by a variety of methods. In the isolation-by-distance case it is possible to obtain analytical expressions for estimating this ratio under the hypothesis of a balance between migration and drift (formula (13)). In practice this formula will be very difficult to apply. In the first place it requires estimates of neighbourhood size for the three different genomes. These are difficult to measure in the field (Levin & Kerster, 1968 , 1971 Schaal, 1975; Crawford, 1984a,b; Gliddon & Saleem, 1985) . The model also assumes a random mating population, reaching an infinite number of generations back to its ancestors. If there is any self-fertilization, then F1. will increase and the model assumptions will not be met.
Within the isolation-by-distance model it is possible to take into account deviations from random mating caused by self-fertilization. Let r be the proportion of the pollinations randomly coming from the neighbourhood and 1 -r be the proportion of self-fertilization. If there is no seed dispersal but pollen dispersal, the neighbourhood size at ancestors of generation X for the biparental genes is 4t((1 + (X-1)r)o-/2 + r)d (area) or 2J((1 +(X-1)r)a/2+)d (linear) according to Wright (1946) . Similarly, the size of neighbourhood at ancestors of generation X for paternal genes is 2it((1 + (X-1)r)a + o)d (area) or J((1 + (X-1)r)c + o-)itd (linear). However, if both seed flow and pollen are considered, the calculation of neighbourhood size becomes very complicated.
Finally, formula (13) will be difficult to apply in practice because the total number of individuals sampled in experimental work is always less than infinite. For this reason therefore F1 may be underestimated. Taking all these points into consideration it is much more difficult to estimate the ratio of pollen to seed flow in the isolation-by-distance case than in either the island or stepping-stone models of population structure (Ennos, 1994; Hu, unpubl. data) .
The second method explored in this paper for estimating the ratio of pollen to seed flow involved analysis of Nei's genetic distance. In order to apply the formulae (20a-c) derived here we must assume neutrality of mutations (Tajima, 1989b) and must possess estimates of the mutation rates in the three different genomes. There is evidence from analysis of rates of sequence divergence over evolutionary time that mutation rates differ significantly among the three plant genomes, with mutation rates being higher for nuclear genes than for chloroplast genes, which, in turn, are higher than for mitochondrial genes (Birky, 1988) . If mutation rates of the three genomes were equal, genetic distances among the different genomes would vary according to the relationship Dm >Dh >D. Deviations from this predicted ordering of genetic distances could provide further evidence for large differences in the mutation rates of the three genomes.
The use of DNA sequence data to estimate the ratio of pollen to seed flow suffers from the same limitation as Nei's distance measure; we need to estimate mutation rate of the genes in the three genomes before the ratio of pollen to seed flow can be measured. Furthermore, it may be also be necessary to test the neutral mutation hypothesis before the formulae derived above can be applied. For these reasons it may be more practical to utilize statistics which rely only on the detection of differences between alleles, i.e. F-statistics rather than those which require measurement of the extent of genetic differences between alleles when indirectly estimating the ratio of pollen to seed flow. Great care should be taken even with these methods because their usefulness may only be judged once their variances, Var(m/m), are available. Finally, we must remember that the assumption of strict maternal and paternal inheritance of organelle genomes underlies the models developed above. Further experimental data are required to confirm the general validity of these assumptions.
